Horticulture is one of New Zealand's fastest growing export sectors but always requires sea or air transport to distant markets, increasing the risk of products` exposure to fluctuating temperatures through breaks in the cool chain. Green asparagus was stored under different scenarios to observe the influences of the extent, timing and duration of temperature abuse on the quality of asparagus stored in modified atmosphere. Produce was sealed in polyethylene film to establish a modified atmosphere, but this proved inappropriate for the storage of asparagus since an optimal atmosphere could not be established. No influence of temperature on toughening (as determined through breaking and cutting force) could be observed. Weight loss, decay and off-odour development increased with the extent of temperature abuse. Odour ratings showed temperature abuse up to 10°C for a longer time period was less detrimental than short term abuse up to 20°C. Additionally, the samples subjected to a period at 20°C developed off-flavours and were rated significantly more bitter by the consumer panel. The timing of the temperature abuse (and thus timing of transport) did not influence weight loss but did influence visual appearance and odour. Transport directly after harvest seemed preferable to transport after an extended storage period.
INTRODUCTION
Horticulture is one of New Zealand's most important industries. As well as supplying the internal market, it is one of the fastest growing export sectors worth more than NZ$2.2 billion a year (Anonymous, 2004) . For success in the export market it is vital that not only are high quality products produced, but the time between harvest and consumption should be minimized and quality during this period should be efficiently controlled. In contrast to the European markets where most customers are within hours of truck transport, for New Zealand, export always involves sea or air transport. This increases the cost and transport time, thus making optimal and certified quality even more important. Asparagus is currently transported by air because of its very short shelf life; however, problems have arisen from the sometimes extensive temperature abuse this can incur. Bollen et al. (1998) monitored asparagus shipments to Japan with respect to changing temperatures and found that the product could reach 10ºC during truck transport and that stopover flights to Japan lasted as long as three days with asparagus temperatures reaching up to 25ºC. An increase in storage life or higher tolerance to temperature abuse will improve product quality following air transport and may enable export of asparagus by sea freight. Moreover, the possibility to store asparagus for several weeks could extend the short season and thus increase industry profitability.
The storage of asparagus in modified atmosphere has proved to be very difficult due to its high respiration rate (55-136 mg CO 2 /kg/h at 4-5ºC) (Salunkhe et al., 1991) . Whereas non-perforated bags quickly become anaerobic, heavily perforated bags either cannot establish an atmosphere rich enough in CO 2 or are unfavourable as they permit an increased water loss from the produce. Lill (1980) successfully used non-perforated polyethylene (PE) bags to store asparagus for four weeks at 2-4ºC. No marked changes 180 were observed in toughness and spears were judged as saleable by visual examination. Asparagus should be displayed on a refrigerated shelf, preferably at 12ºC (Lill, 1980) although spears have been found to be acceptable after display for 6 days at 13.5ºC (Tomkins and Cumming, 1988) .
The objective of this study was to investigate the influence of the extent, timing and duration of temperature abuse on the quality of asparagus stored in modified atmosphere packages.
MATERIALS AND METHODS
Asparagus spears (Asparagus officinalis L. cv. Jersey Giant) were collected from a farm near Levin, New Zealand. Spears were harvested in the morning and directly processed. Bundles of 250 g each were secured with two rubber bands and cooled by forced air at 2ºC. After a short transport (45 min) by car to the laboratory, packaging was accomplished within two hours. Asparagus bundles were weighed separately and packaged in polyethylene bags (Re-Fresh KS, 40 mm, Convex Plastics, New Zealand) with an oxygen transmission rate of 4250 cc m -2 atm -1 day -1 at 5ºC. The bags in both trials (T1 and T2) were heat sealed to a defined bag size (25 x 30 cm) and immediately placed back at 2ºC on large mesh shelves to ensure maximum film area availability for gas transfer. To enable gas sampling, septa were prepared by squeezing a silicone sealant (Ados window & glass silicone, CRC Industries Ltd., New Zealand) on double sided tape and flattened to a size of 2 x 4 cm. The sealant had to cure for 72 h after which the septa enabled gas samples to be taken without harming the packaging as the hole made by the syringe closed upon its removal. In the second trial (T2), one perforation of 0.7 mm diameter was introduced into every bag to increase O 2 permeability.
Several cool chain scenarios were implemented to simulate the range of temperature abuse conditions that could be experienced during sea and air transport (Fig.  1) . The first trial (T1: 23/11-21/12/2004) was designed to investigate the effect of the magnitude and timing of short term variations in temperature due to different means of transportation (truck vs. plane). Normal storage temperature was 2ºC according to current practice (T1a) and as advised by Lill (1980) and Isenberg (1979) . Supermarket retail temperature was chosen to be 10ºC (T1b) and this was compared to non-refrigerated display of 20ºC (T1c). Subsequently, a shelf life of seven days was monitored at a household refrigeration temperature of 4ºC. To simulate temperature abuse during transport, produce was moved to 10ºC for one day (T1d and e) for truck transport or to 15ºC for one day and subsequently to 20ºC for 12 hours (T1f and g) for plane transport. The influence of the timing of transport was investigated by moving the produce either within 3 days after harvest (T1d and f) or after 14 days of storage (T1e and g). Cool chains 4 to 7 were concluded by three days of supermarket retail display at 10ºC and seven days of shelf life at a household refrigeration temperature of 4ºC.
The second trial (T2: 10/12/2004-14/01/2005) was designed to investigate the difference between sea and air transport. The overall duration of the trial was increased to 31 days, including one day on display at 10ºC and a maximum of four days of shelf life at 4°C. Additionally, one perforation of 0.7 mm diameter was introduced into every bag to increase O 2 permeability. To compare with the first trial, the normal storage cool chain at 2ºC was repeated (T2a), as well as simulated truck transport after harvest (T2b). Sea transport temperature abuse was simulated by moving produce to 10ºC for one day shortly after harvest (transport by truck to the ship) followed by one day at 5°C (cooling down on the ship) and a storage period at 2°C of three weeks (T2c). Additional cool chain breaks (e.g. due to loss of power or suboptimal operation settings) were simulated by two two-day periods at 10°C (T2d). Comparison with air transport (T2e) consisted of moving produce to 10ºC for one day shortly after harvest (transport by truck) and moving produce to 15ºC for one day and subsequently to 20ºC for 12 hours (plane transport), followed by a storage period at 2°C of two weeks (T2b).
A 1 ml sample was taken from the bag through the septum to determine the gas composition using an O 2 electrode (Citicell C/S type, City Technologies Ltd., UK) in series with a miniature infra-red CO 2 transducer (Analytical Development Company, UK) with N 2 as carrier gas.
Measurements were made at four points during storage: at harvest, in the middle of the storage period, before (experiment 1) or after (experiment 2) retail display and at time of consumption or the end of the experiment. Asparagus bundles (250 g each) were weighed separately and without their bags on an analytical balance (Mettler Toledo Inc., model PG503-S, New Zealand). Medium sized asparagus (9 to 13 spears per bundle) of five bundles per cool chain were used for texture determination using a texture analyzer (TA-XT2i, Stable Micro Systems, UK). Spears were broken on a 3-point-bending rig (1.0 mm/s to breakpoint or to a maximum of 3 cm bend) on a point 10 cm up the spear. Cutting force was determined as the maximum force required to cut 0.5 cm deep into the lower half of the broken spear (10 mm/s).
Visual appearance was rated on a scale from 1 to 9 adapted from Lill (1980): 1 = as fresh; 3 = slight wilt, very slight wrinkle on stem, slight loss of pink blush on butt; 5 = browning of stem bracts, more pronounced wilting, but still saleable; 7 = soft rots starting to develop, some browning of spears, wilting and feathering of bud bracts, occasional spears with stem collapse, not saleable; 9= more extensive rotting and stem collapse, bad wilting, browning of spears, unusable. One overall rating of occurrence of off-odours was given for each sampling in each cool chain on a scale from 0 to 4 (0 = as fresh; 1 = no offodors; 2 = slight off-odors; 3= medium off-odors; 4 = strong off-odours) directly after opening of the bags. For a selection of cool chains, ten untrained staff members rated colour, flavour and bitterness using a 9 point hedonic scale (9 = like extremely, 1 = dislike extremely) and a triangle test was performed to evaluate any distinguishable differences between temperature treatments.
Data was analysed statistically using the SAS/STAT software, (version 8, SAS Institute Inc., Cary, NC, USA).
RESULTS AND DISCUSSION
The two trials were performed at different times and with different starting material, their quality can be found in Table 1 . The target modified atmosphere was 5 to 10% O 2 and 5 to 15% CO 2 as suggested by Lill et al. (1996) . Elevated CO 2 concentrations (5 to 10%) are beneficial in preventing decay and slowing toughening of spears (Luo et al., 2004) . The non-perforated bags only retained about 1% O 2 and CO 2 build up was not sufficient. The introduced perforation allowed for a much higher O 2 concentration (Table  1) but the equilibrium CO 2 concentration was lower. Each bundle of asparagus was weighed separately before and after storage. Table 3 shows a clear influence of retail temperature directly after retail display with the higher temperature causing higher weight loss (T1a-c). After additional shelf life at 4°C the asparagus displayed at the highest temperature (20ºC, T1c) had still lost the most weight but there was no difference between retail display at 2°C and display at 10°C. Spears stored under simulated airfreight temperatures up to 20ºC (T1f-g) lost more weight than those under simulated truck transport up to 10ºC (T1d-e). However, although after 10 days of storage the temperature abuse had caused higher weight loss (T1d > T1e, T1f > T1g), the timing of temperature abuse was not significant for final weight loss. For the second experiment there was still a significant difference in final weight loss between the cool chain with continuous storage at 4°C (T2a) and the cool chains with temperature abuse (T2b-e). Within the latter there were no differences, although one would still expect a higher weight loss for the cool chain with temperatures up to 20°C. A reason for these inconsistencies might be found in the introduction of a perforation in the package in the second experiment.
Visual quality decreased drastically with storage time and temperature abuse ( Table 4 ). The major problem was the development of soft rot first on tips and later also on the cut ends of the spears, especially when stored at 20ºC. Browning and discoloration of spears occurred in cool chains 1 to 7 after 21 days of storage and can be attributed to the low concentration of oxygen (Luo et al., 2004) . For asparagus assessed directly after retail display, higher display temperatures caused more off odours (T1a-c) whereas visual appearance for retail at 2°C or 10°C was similar. After additional shelf life at 4°C the asparagus displayed at the highest temperature (20ºC, T1c) had significantly more offodours and more extensive rotting. By the end of storage, tips of spears that went through a late temperature shock to 20°C (T1c, T1g) were completely rotten.
Spears stored under simulated airfreight temperatures up to 20ºC (T1f-g) developed more rots and off-odours than those under simulated truck transport up to 10ºC (T1d-e). Additionally, the later abuse treatment (T1e and g) was more detrimental to visual appearance and off-odour development then the earlier treatment (T1d and f) so arranging transport and any consequent temperature changes directly after harvest is advisable. The reasons for this could be twofold. Firstly, the atmosphere may not be fully established at the beginning of storage and a temperature change at this point might not cause critically low O 2 concentrations. Secondly, fresh produce is better able to deal with stress than produce which has already endured long term storage.
The visual appearance of spears in the second experiment (T2a-e) was better than in the first experiment, probably due to the more favourable O 2 atmosphere. However, by day 26 all bundles had developed slight tip rot. This could have various causes. Firstly, the atmosphere was not optimal as both O 2 and CO 2 levels should ideally have been higher. Secondly, shelf life of spears decreases over the harvest season (Bhowmik et al., 2002) and the spears used in the second experiment were the last available during the season and not of superior quality at harvest, with tips not completely closed. Tip sections comprise mostly immature tissue and are therefore particularly susceptible to deterioration (King et al., 1990) , but when tightly closed, they are resistant to infection (Isenberg, 1979) . The simulated marketing period did not influence quality in the second experiment any further, as ratings were equal on days 26 and 28.
Texture measurements were not consistent over the storage period, as differences between cool chains only occurred in some samplings. The breaking test was conducted to represent the subjective consumer test of breaking asparagus to rate freshness. Results for the bending distance necessary to break spears seemed to be more related to spear thickness than to post harvest temperature abuse. Cutting forces were higher in the bottom part of the spear than in the middle part (Fig. 2) , which is likely due to higher fibre content at the cut end (Lipton, 1990) . Similar to the findings of Lill (1980) , no toughening with storage time was observed in the non-perforated bags, whereas spears packaged in perforated material did toughen (Fig. 2) . Lill (1980) suggested that the toughening in perforated bags was a result of higher water loss and that CO 2 build up in non-perforated bags may reduce lignification and thus toughening. The first explanation does not hold here since weight loss was similar for perforated and non-perforated bags (Table 3) , but a greater CO 2 concentration was observed in non-perforated bags (Table 1) . However, no influence of temperature on the rate of toughening could be observed. Moreover, the pronounced development of rot might have influenced the texture of the spears.
The preference test performed by the sensory panel on selected spears showed no significant differences between the samples. However asparagus subjected to a higher temperature shock (T1f) was rated significantly more bitter.
CONCLUSION
The perforated and non-perforated packaging material used proved inappropriate for the storage of asparagus under modified atmosphere. In non-perforated bags, the low O 2 concentration led to the development of off-odours and discolorations, the latter being resolved by introducing a perforation. Based on the results, an extension of the usually short season by means of modified atmosphere packaging is not possible unless a better film is found. Produce should be transported directly after harvest and not after an extended storage period since later temperature abuse resulted in lower visual quality and stronger off-odours. Additionally, longer transport at temperatures up to 10ºC was more favourable compared to short term transport with temperatures up to 20ºC. Nevertheless, a further increase of the storage life of asparagus is necessary to allow sea freight for Anonymous. 2004 Table 4 . Visual quality (1 = as fresh; 3 = slight wilt, very slight wrinkle on stem, slight loss of pink blush on butt; 5 = browning of stem bracts, more pronounced wilting, but still saleable; 7 = soft rots starting to develop, some browning of spears, wilting and feathering of bud bracts, occasional spears with stem collapse, not saleable; 9= more extensive rotting and stem collapse, bad wilting, browning of spears, unusable ) and occurrence of off-odors (0 = as fresh; 1 = no off-odors; 2 = slight off-odors; 3= medium off-odors; 4 = strong off-odours) in the different cool chain scenarios (T1a-g, T2a-e) at different times. One overall rating for visual quality and off-odor was given for each sampling in each cool chain.
0 days 10*/13** days 21*/26** days 24*/28** days Cool chain Visual Off-odor Visual Off-odor Visual Off-odor Visual Off-odor  T1a  T1b  T1c  T1d  T1e  T1f  T1g  T2a  T2b  T2c  T2d  T2e   1  1  1  1  1  1  1  1  1  1  1  1   0  0  0  0  0  0  0  0  0  0  0  0   2  2  2  2  2  3  2  2  2  2  2  2   1  1  1  1  1  2  1  1  1  1  1  2 Figures Fig. 1 . Temperature profiles for the different cool chain scenarios to determine the influence of extent and timing of temperature changes on quality of bundled and packaged asparagus spears (T1a-g for truck and air transport and T2a-e for air and sea transport). Data for actual temperature was obtained from temperature loggers. Fig. 2 . Increase of cutting forces during storage in the cool chain scenarios for trial 2 (T2a-e). Spears were cut either in the middle or the bottom part. Averages are presented with standard error (vertical bars).
